Abstract -In Ethiopia, food production for a rapidly growing population from a continually shrinking farm size is a prime developmental challenge. Rising input costs, decline in soil quality, and buildup of insect pests, diseases and weeds have threatened the ecological and economic sustainability of crop production. To address those issues, intercropping of cereals with pulse crops could increase total grain production, provide diversity of products, stabilize yield over seasons, reduce economic and environmental risks common in monoculture systems, and thereby enhance sustainability. Here, mixed intercropping of wheat (Triticum aestivum L.) with faba bean (Vicia faba L.) was compared with sole culture of each species in 2002 and 2003 at Holetta Agricultural Research Center, in the central highlands of Ethiopia. The treatments were sole wheat at a seed rate of 175 kg ha −1 , sole faba bean at a seed rate of 200 kg ha −1 , and an additive series of 12.5, 25, 37.5, 50 and 62.5% of the sole faba bean seed rate mixed with the full sole wheat seed rate. Our results showed that mixed intercropping increased the land equivalent ratio by +3% to +22% over sole cropping. Increasing the faba bean seed rate in the mixture from 12.5 to 62.5% reduced wheat grain yield from 3601 kg ha −1 to 3039 kg ha −1 but increased faba bean grain yield from 141 kg ha −1 to 667 kg ha −1 . Sole culture grain yield exceeded mixed culture grain yield by +5 to +25% for wheat and by +172 to +1190% for faba bean. Nonetheless, we obtained the highest total grain yield of 4031 kg ha −1 , gross monetary value of US$ 823, system productivity index of 4629 and crowding coefficient of 4.70 when wheat at its full seed rate was intercropped with faba bean at a rate of 37.5%. On average, weed biomass was reduced from 40.4 g m −2 in sole wheat to 31.1 g m −2 in mixed culture and the chocolate spot disease score was reduced from 5.1 in sole faba bean to 3.4 in mixed culture. In conclusion, intercropping of wheat with faba bean may increase total yield and revenue, reduce weed and disease pressure, increase land-use efficiency, and thereby enhance sustainability of crop production in Ethiopian highlands. aggressivity / crowding coefficient / faba bean / land-use efficiency / intercropping / wheat
INTRODUCTION
In the tropics, cereal/legume intercropping is a common practice aimed at minimizing risks associated with monoculture. Intercropping may provide a balanced diet, reduce labor peaks, minimize crop failure due to adverse effects of biotic and abiotic factors, protect soil against erosion, improve the use of limited resources, increase stability of yield and provide higher returns (Willey, 1979; Beets, 1982; Jensen, 1996; Akter et al., 2004; Chu et al., 2004; Tsubo et al., 2005) . Productivity advantages of intercropping may arise from complementary use of growth resources such as N and water in either space or time (Willey, 1979; Ofori and Stern, 1987; Benites et al., 1993; Akter et al., 2004; Chu et al., 2004) . Moreover, productivity of mixtures could exceed those of sole crops, as the mixing of the two crops may favor more significant yield components in either crop (Willey, 1979; Kurdali et al., 1996) .
Measurements such as the total yield, total revenue, land equivalent ratio, crowding coefficient, aggressivity value and system productivity index have been used to quantify the efficiency of intercropping systems relative to sole cropping (Rao and Willey, 1980; Hiebsch and McCollum, 1987; Agegnehu et al., 2006a, b) . However, the land equivalent ratio is the mostused convention for intercrop vs. sole crop comparisons. This may stem from the fact that increasing land-use efficiency is the most important reason for producing crops in intercrop.
In Ethiopia, food production for a rapidly growing population from a continually shrinking farm size is a prime developmental challenge. The central highlands of Ethiopia are typified by a subsistence-oriented crop-livestock mixed farming system where cereal-based cropping systems dominate. Wheat and faba bean are two of the major crops grown by subsistence farmers under rain-fed conditions in Ethiopia. The area under wheat in the main season is about 1.1 million ha, making up 15.7% of the total cereal area (CSA, 2004) . Faba bean is the most important grain legume in Ethiopia in terms of area and production. It is a major source of protein and a beneficial break crop for ameliorating soil fertility in a cereal-based cropping system. About 0.38 million ha is covered by faba bean, making up 34.7% of the total area allotted to pulses in Ethiopia (CSA, 2004) .
In the highlands of Ethiopia, the advent and expansion of high fertilizer-input and semi-dwarf wheat varieties for nearly four decades now is a dominant feature of crop agriculture. However, rising input costs, decline in farm size and soil quality, and buildup of insect pests, diseases and weeds have threatened the ecological and economic sustainability of wheat production in these highlands. Growing crops in mixtures is a common practice in traditional agriculture in various parts of Ethiopia (Georgis et al., 1990) . Nonetheless, pure culture of high-yielding and high fertilizer-input varieties have been promoted for several decades now as a way of enhancing food production in the country. Despite this, a recent recourse by farmers in northern Ethiopia from growing a pure crop of improved varieties of semi-dwarf wheat to mixed intercropping of these wheats with a small population of each of faba bean and field pea has attracted attention from research and development stakeholders. The farmers' reason for such a practice is land shortage coupled with the need to produce a cereal crop in the main and some pulse as an additional benefit, enabling land intensification where arable land scarcity is fast becoming very crucial. However, such practices are not common in the central highlands of Ethiopia where both wheat and faba bean are widely grown in increasingly declining farm sizes. Promotion of intercropping modern semi-dwarf wheat with faba bean requires generation of research information on the agronomic, ecological and economic feasibility of introducing such systems into the diverse farming systems, particularly of the central Ethiopian highlands. We have already reported research results on the feasibility of intercropping of barley (Hordeum vulgare L.) and tef (Eragrostis tef ) with faba bean elsewhere (Agegnehu et al., 2006a, b) . The objectives of the present study were, therefore, to evaluate the agronomic performance of wheat and faba bean in intercrop, to determine the biological and economic optimum combination for intercropping, and to infer the likely ecological advantages of intercropping these crops.
MATERIALS AND METHODS

Study area
An experiment on the intercropping of wheat and faba bean was undertaken in the 2002 and 2003 cropping seasons under rain-fed conditions on eutric Nitisol at Holetta Agricultural Research Center, central highlands of Ethiopia. The location of the trial site is between 09
• 03'N latitude and 38
• 30'E longitude at an altitude of 2390 m above sea level. The long-term average annual precipitation is 1100 mm, about 85% of which is received from June to September, and average minimum and maximum air temperatures are 6.1 and 21.9
• C, respectively. Experimental fields were ploughed using tractor-drawn implements. Soil physical and chemical properties of the experimental fields were determined for samples taken during planting. The soil at 0-30 cm depth had a clay content of 56.06%, a silt content of 28.58% and a sand content of 15.36%. The pH (1:1 H 2 O) was 5.12, organic C (Walkley-Black) 1.85%, total N (Kjeldahl) 0.17%, NO 3 -N 8.37 ppm and P (Bray-II) 7.84 ppm. The Na content was 0.08, K 1.56, Ca 2.76, Mg 2.16 and CEC 24.46 (all in meq 100 g −1 soil using the ammonium acetate pH 7.0 method).
Field experiment
The treatments were an additive series of mixed intercropping of faba bean in wheat at seed rates of 12.5, 25, 37.5, 50 or 62.5% of the sole faba bean seed rate (200 kg ha −1 ) plus sole cultures of the two crops as checks. A full seed rate of 175 kg ha −1 was used for wheat both in sole and mixed culture. The design was a randomized complete block with four replications. Experimental plots of pure wheat and intercrops received the recommended rate of 64/20 kg NP ha −1 for wheat in the form of urea and diammonium phosphate, while pure faba bean plots received 18/20 kg NP ha −1 as diammonium phosphate at planting.
Wheat (Triticum aestivum L.) cultivar HAR 604 and faba bean (Vicia faba L.) cultivar CS20DK, a minor type, were sown at the same time at the optimum planting date for wheat. A plot size of 5 m by 5 m was used. Sowing took place on 22 and 24 June in 2002 and 2003, respectively. Pulses were the preceding crops in both seasons. Weeds were pulled once by hand 5 weeks after crop emergence. Data collected were plant stand counts m −2 at complete emergence, plant height (average of 10 plants), number of tillers m −2 , seeds per spike, number of pods per plant and seeds per pod, aboveground biomass and grain yields, and thousand-grain weight of each crop species as appropriate.
Weed biomass was collected from a quadrat measuring 0.5 m by 0.5 m thrown at random on two sampling points in each plot at the time of weeding, oven-dried and expressed as g m −2 . Septoria disease assessment on wheat was made when the crop was between the medium to late milk growth stages using the double-digit 00-99 scale, where the first digit gives the relative height of the disease and the second digit shows the disease severity as a percentage (Eyal et al., 1987) . Chocolate spot disease (Botrytis fabae Sard.) of faba bean was recorded on a 1-9 scale, where 1 indicates no disease symptoms or very small specks on leaves and 9 extensive lesions on leaves, stems and flowers. Crops of the mixed cultures were harvested separately for each crop from the whole plot. After threshing, seeds were cleaned, weighed and adjusted at the 12% and 10% moisture levels for wheat and faba bean, respectively. Wheat was considered as the main crop and faba bean as an intercrop component. Total biomass and grain yields recorded on a plot basis were converted to kg ha −1 for statistical analysis.
Statistical analysis
The SAS/STAT computer package version 8.2 (SAS Institute, 2001) was used to test for the presence of outliers and normality of residuals. The total variability for each trait was quantified using pooled analysis of variance over years using the following model.
where P i jk is total observation, μ = the grand mean, Y i = the effect of the ith year, R j(i) is the effect of the jth replication within the ith year, T k is the effect of the kth treatment, T Y (ik) is the interaction of the kth treatment with the ith year and e i jk is the random error. Least significant difference at the 5% probability level was used to establish the difference among the means. Gross monetary value was determined based on the average prices of wheat (US $ 0.193 kg −1 ) and faba bean (US $ 0.223 kg −1 ).
Calculation of yield advantages and competitive relationships
The index commonly used to evaluate the relative advantage of intercropping compared with sole culture is the total land equivalent ratio, i.e. the relative land area required by sole crops to produce the yields achieved in intercropping (Rao and Willey, 1980) , which is calculated as:
where Y a and Y b are the component yields of crops A (wheat) and B (faba bean) in intercropping, and Y A and Y B are the yields of sole cultures of A and B on a similar unit area. A land equivalent ratio of 1.0 indicates equal advantages for intercropping and sole cropping, values more than 1.0 indicate more advantage for intercropping than for sole cropping and values less than 1.0 indicate less advantage for intercropping than for sole cropping. The competitive relationship between the two crops was determined using the crowding coefficient (k) and aggressivity value (A) suggested by Willey (1979) as:
where Y aa = pure culture yield of wheat, Y bb = pure culture yield of faba bean, Y ab = mixed culture yield of wheat, Y ba = mixed culture yield of faba bean, Z ab = sown proportion of wheat and Z ba = sown proportion of faba bean. Another index for assessing intercrops is the system productivity index (SPI), presented by Odo (1991) , which standardizes the yield of the secondary crop, b, in terms of the primary crop, a.
where S a and S b = mean yield of wheat and faba bean in sole culture, and Y a and Y b = mean yield of wheat and faba bean in mixed culture.
RESULTS AND DISCUSSION
Growth and yields of component crops
Wheat Intercropping effects were significant (P 0.01) for grain yields of each crop species (Tab. I). On average, sole wheat yielded 3801 and sole faba bean 1819 kg ha −1 . The mean faba bean seed yield decreased from 667 kg ha −1 to 141 kg ha
and wheat yield increased from 3039 to 3601 kg ha −1 when the faba bean seed rate in the intercrop decreased from 62.5 to 12.5% of the sole faba seed rate (Tab. I). The highest total intercrop yield of 4031 kg ha −1 and gross monetary value of US $ 823 were obtained when faba bean at the rate of 37.5% was mixed with full wheat (Tab. I). The gross monetary value followed the same trend as the total land equivalent ratio. On the basis of seeding percentage in the mixtures, none of the mixed proportions produced relative yields of faba bean similar to the expected yields.
On average, weed biomass was reduced from 40.4 g m −2
in sole wheat to 31.1 g m −2 in mixed culture and chocolate spot disease score from 5.1 in sole faba bean to 3.4 in mixed culture. This also agrees with the findings of Carr et al. (1995) for wheat/lentil intercrop, Bulson et al. (1997) for wheat/field bean intercropping, Holland and Brummer (1999) for oat/berseem clover intercropping and Agegnehu et al. (2006a, b) for barley/faba bean and tef/faba bean intercropping. The year by intercropping interaction effect was significant for faba bean grain yield. From the scrutiny of faba bean grain yields for individual years, this interaction arose from scale effects rather than rank changes, with a narrower yield gap between the two years for the 12.5% faba bean compared with the other faba bean seed rate treatments in the mixture.
In our study, although the growing of faba bean as a companion crop with wheat reduced the productivity of wheat, the mixed crops as a whole resulted in higher total productivity as measured by total grain yields of the two crops. Moreover, intercrops were more suppressive of weeds and diseases than either wheat or faba bean sole crops. Elsewhere, yield increments as a result of intercropping of two different crops (Rao and Willey, 1980; Beets, 1982; Trenbath, 1983; Benites et al., 1993; Chen et al., 2004) were attributed mainly to the presence of complimentary effects, better resource-use efficiency of the mixed cultures over the sole cultures and buffering effects of the mixtures against diseases, insects and weeds.
Land-use efficiency
Differences among treatments were significant for total and partial land equivalent ratios (Tab. I). All intercrops had a greater land equivalent ratio than sole crops, with the total land equivalent ratios for intercrops ranging from 1.03 to 1.22. This implies that intercropping of wheat and faba bean resulted in higher total production per unit area than the sole culture of each crop species. In experiments with the same faba bean intercropping treatments at the same location using barley or tef as the cereal component, Agegnehu et al. (2006a, b) reported greater total yields and land equivalent ratios for all intercrops than for sole crops. Similar results were reported for mixed cultures of wheat and field bean (Bulson et al., 1997; Haymes and Lee, 1999) , pea and barley (Jensen, 1996) , maize and faba bean (Li et al., 1999) and wheat and lentil (Singh et al., 1992; Akter et al., 2004) . In our study, the range of the partial land *, **, *** Significant at P < 0.05, P < 0.01, P < 0.001, respectively; NS = not significant. † Means in a column with the same letter are not significantly different at P 0.05.
equivalent ratio was from 0.80 to 0.95 for wheat and 0.08 to 0.37 for faba bean. The higher land equivalent ratios for wheat than for faba bean were expected since selected proportions of the faba bean seed rate were intercropped with the normal seed rate of wheat. According to Trenbath (1983) and Hiebsch and McCollum (1987) , the land equivalent ratio gives a valid estimate of biological efficiency when all intercrop components have equal production-cycle duration, and when planting and harvesting of the intercrop coincide with planting and harvesting of the sole culture checks. In line with this, the two intercrop component crops in our study had more or less similar growth duration. Therefore, the fact that all the intercrops in the present study had land equivalent ratios greater than 1.0 denotes our intercrops were more biologically efficient than sole crops.
According to Holland and Brummer (1999) , better resource-use efficiency of intercrops was associated with better growing conditions. However, maximized resource-use efficiency by crop mixtures under both marginal and better growing conditions was also reported (Rosegrant and Roumasset, 1990; Rafey and Prasad, 1991) . In the present study, the land equivalent ratio in the high-stress year of 2002 was similar to that of the low-stress year of 2003. Moreover, the year by intercropping interaction for the total land equivalent ratio was not significant, implying a similar pattern of response of the sole as well as intercrop treatments in the two years. In our other studies, we reported similar land equivalent ratios for the two years for barley-faba bean and tef-faba bean intercropping, but a significantly lower land equivalent ratio for the least-stress year of 2001 when compared with the medium-to high-stress years of 2002 and 2003 for the barleyfaba bean intercrop (Agegnehu et al., 2006a, b) .
Since the productivity of the component crops may differ, higher land equivalent ratios as such may not necessarily imply higher productivity at the system level. However, in the present study total land equivalent ratios also showed a posi- tive relationship with the total yields of the two crops in the mixture (Fig. 1) , implying greater system productivity.
Competition among component crops
In the present study, there was some synergistic effect of intercropping on total productivity, as the total yield and system productivity index of wheat-faba bean intercropping at the seed rate of 100:37.5 exceeded the sole yield of either crop (Tabs. I, IV). Nonetheless, the negative association between the yields of the two crops (Fig. 2) highlights some degree of competition between the crops for space and resources. Hence, improved productivity in one crop as a component of the system may result in yield reduction of the other component. Wheat and faba bean usually have similar growth duration so that when grown together, both crops can utilize resources at the same time, resulting in competition among the component crops. However, intercrop yield advantage may occur because the tap root system of faba bean could exploit water and nutrients from deeper soil layers than wheat. In addition, in a cereal-legume intercropping system cooperation for N may exist under conditions of nodulation. Such cooperation is manifested in the form of greater yield of a mixture than the sole culture yield of the highest yielding component of that mixture. In mixtures consisting of species with similarities in their needs, competition rather than cooperation can be expected. In this case, mixtures generally yield less than the highest yielding sole culture (Rao and Willey, 1980) . Data on the competitive ability parameters, namely the relative crowding coefficient (k) and product of the coefficients (K), and the aggressivity parameter (A), are given in Table IV . The highest crowding coefficient of 4.70 and system productivity index of 4629 were obtained from the proportion (100:37.5) of wheat/faba bean intercropping in which the highest total yield, land equivalent ratio and gross monetary values were recorded. The values of the system productivity index were high and largely determined by the wheat intercrop, which was not much reduced by intercropping. According to Willey (1979) , when a species has a relative crowding coefficient less than, equal to, or greater than one it means the species has produced less yield, the same yield, or more yield than its 'expected' yield, respectively. A crop with relatively lower k and negative A values is regarded as being dominated while one with the opposite values is dominant (Willey, 1979) . In our study, all k values of wheat were greater than unity and the A values positive, indicating wheat produced greater yield than was expected and that wheat dominated faba bean in the mixture. This contrasts with our previous reports whereby the weak-strawed tef and also, to a lesser extent, barley, were dominated in their respective mixtures with faba bean (Agegnehu et al., 2006a, b) .
CONCLUSION
High input-based semi-dwarf wheat production is a common feature of crop agriculture in the Ethiopian highlands, a region characterized by high population density, small farm size, low farm income, high rates of soil degradation, and high incidence of crop diseases and persistent weeds. Wheat/faba bean intercropping in the Ethiopian highlands may increase total yields and revenue, break the prevalence of persistent grass weeds associated with high-input monoculture wheat, reduce the incidence of faba bean diseases, lessen the need for external inputs, enhance land-use efficiency and thereby increase the economic and ecological sustainability of crop production. Subsequent on-farm verification of intercropping of 37.5% of the seed rate of faba bean in full wheat under real farm production conditions should provide socio-economic data on the performance of the intercrop vis-à-vis the conventional sole crop before deriving concrete recommendations.
